To study the effects of increasing and decreasing flow velocities on the fluid-elastic instability of tube bundles, the responses of an elastically mounted tube in a rigid parallel triangular tube bundle with a pitch-to-diameter ratio of 1.67 were tested in a water tunnel subjected to crossflow. Aluminum and stainless steel tubes were tested, respectively. In the in-line and transverse directions, the amplitudes, power spectrum density functions, response frequencies, added mass coefficients, and other results were obtained and compared. Results show that the nonlinear hysteresis phenomenon occurred in both tube bundle vibrations. When the flow velocity is decreasing, the tubes which have been in the state of fluid-elastic instability can keep on this state for a certain flow velocity range. During this process, the response frequencies of the tubes will decrease. Furthermore, the response frequencies of the aluminum tube can decrease much more than those of the stainless steel tube. The fluid-elastic instability constants fitted for these experiments were obtained from experimental data. A deeper insight into the fluid-elastic instability of tube bundles was also obtained by synthesizing the results. This study is beneficial for designing and operating equipment with tube bundles inside, as well as for further research on the fluid-elastic instability of tube bundles.
Introduction
Flow-induced vibration remains a concern in designing tube-like structures, such as shell-and-tube heat exchangers, nuclear steam generators, and tubular reactors. Flowinduced vibration of tube bundles mainly contains fluidelastic instability, vortex shedding, turbulent buffeting, and acoustic resonance [1] [2] [3] [4] . Among these characteristics, fluidelastic instability, which is a self-excited vibration, represents the most possible danger because of its potential for extremely large vibration amplitudes.
When the flow exceeds a certain critical velocity, fluidelastic instability occurs with the rapid increase in the amplitude of the tube bundle. Two mechanisms are commonly recognized as being responsible for fluid-elastic instability: damping mechanism [5, 6] and stiffness mechanism [7] . The tube bundle may be damaged by large-amplitude vibrations in a short time. Therefore, the mechanism of fluid-elastic instability should be studied for predicting and avoiding dangerous flow conditions in tube-like structures.
Over the past decades, numerous scholars have conducted many theoretical and experimental studies on fluidelastic instability. Connors [8] proposed the first criterion for fluid-elastic instability. Afterwards, many theoretical models for different conditions were provided in a series of papers by Pettigrew and Gorman [9] , Païdoussis [10] , and Weaver and Fitzpatrick [11] . Piteau et al. [12] recently studied a loosely supported tube in a rigid bundle subjected to single-phase flow through experiments and computations. Yan et al. [13] tested the shell side flow-induced vibration of a conical spiral tube array. Anderson et al. [14] modeled fluid-elastic instability including the boundary layer effect, in a square inline tube array. El Bouzidi and Hassan [15] investigated time lag causing fluid-elastic instability in tube arrays. The operation of tube-like structures involves an increase and decrease in flow velocity. While, many scholars often only pay attention to the effort of increasing flow velocity on the fluid-elastic instability of tube bundles, neglecting the effort of decreasing flow velocity on tube bundles that are in the state of fluid-elastic instability. The study of the effort of decreasing flow velocity on tube bundles in the state of fluidelastic instability is important in industrial applications in which operational cost must be reduced.
With this background, under both increasing and decreasing crossflow velocities, experiments were conducted in a water tunnel containing parallel triangular tube bundles in which two different tube masses were used, respectively. The pitch-to-diameter ratio ( / ) was maintained at 1.67. In the in-line and transverse directions, the amplitudes, power spectrum density functions, response frequencies, added mass coefficients, and other results were obtained and compared. Deeper insight into the fluid-elastic instability of tube bundles was also obtained by synthesizing the results. This study is beneficial for designing and operating equipment with tube bundles inside, as well as for further research on the fluidelastic instability of tube bundles. Figure 1 shows the test section, which is widely used in flow-induced vibration research on tube bundles [16] [17] [18] [19] [20] [21] . The working fluid was water, which was pumped through a tank, an electromagnetic flowmeter, two valves, and flowed past steady flow plates for stabilizing the incoming flow before entering the test section. The average turbulence intensity over the flow velocity range measured 10 diameters upstream of the tube bundle was less than 1.2%, and the velocity distribution was uniform within 1% in the test section, excluding the boundary layer. The tube bundle was parallel triangular with a pitch-todiameter ratio of / = 1.67. There were 9 rows, with alternately 4 or 3 and two-half tubes per row, which provided a uniform flow profile. The mass of each tube in the bundle could be changed by replacing it with another tube of a different material. During the whole experiments, two kinds of tubes were used, namely, aluminum and stainless steel tubes.
Experimental Details

Experimental Apparatus and Instrumentation.
Fluid-elastic instability of tube bundles is affected by many parameters, such that a full model with a fully flexible tube bundle is highly complex and requires a large number of measured empirical coefficients [5, 6] . Therefore, for a basic research to enhance insights into the physics of fluidelastic instability it is necessary to reduce the problem complexity and the amount of empirical coefficients required. An ordinary simplified method is to use a single elastically mounted tube in a rigid bundle to study the phenomenon. This method has been verified as feasible by Lever and Weaver [22, 23] . Many studies have been conducted on this basis, such as those performed by Price and Païdoussis [24] , Marn and Catton [25] , and Harran [26] . For simplification, the monitored tube was elastically mounted in the center of the tube bundle, whereas other tubes were fixed at the channel walls of the test section with bolts at two ends to be rigid tubes during the whole experiments.
As shown in Figure 2 , the monitored tube was mounted elastically, which was equipped with two stainless steel piano lines, two screw tubes, two screw nuts, two springs, and two pins. One endpoint of every stainless steel piano line was fixed to the monitored tube, and the other endpoint was fixed to a pin. The spring was mounted between the screw nut and pin. To adjust the natural frequency of the vibration system, screw nuts were used to adjust the springs to tighten or loosen the stainless steel piano lines. The displacement mechanism of the monitored tube was derived from Joo and Dhir [27] , Mitra [28] , and Cagney and Balabani [29] . The monitored tube could vibrate in both the in-line and transverse directions simultaneously.
Acceleration transducers with sensitivity of 1.71 pC/g and frequency response of 1 Hz-20 kHz were chosen to obtain the displacement signals directly and simultaneously [16, [30] [31] [32] . The output signal was calibrated to have a linear relationship with the input signal. Two acceleration transducers installed inside the monitored tube at midspan were treated as part of the monitored tube throughout the whole experiments. Their orientations were adjusted such that they were sensitive to tube vibrations only in the in-line ( ) and transverse ( ) directions. The output signals of the two acceleration transducers were collected by a dynamic signal collector with a 24-bit analog to digital converter. The dynamic signal collector could transform the output signals to voltage signals and then integrate the voltage signal twice to provide a displacement signal. All data were transmitted to a personal computer for data storage and further processing. All signals were high-pass filtered in postprocessing at 1.2 Hz to prevent a "blow-up" that commonly occurs because of low frequency noises when converting acceleration to displacement. The cut-off frequency of 1.2 Hz was significantly lower than the response frequencies obtained from the whole experiments.
Before the experiments, the output signals of the whole data acquisition system were calibrated just as Lin and Yu [16] have done. A monitored tube with two acceleration transducers inside was given a circular motion by a turntable. The radius of the circular motion could be changed by altering the position of the tube. The results corresponding to the aluminum tube were the same as those corresponding to the stainless steel tube. The typical time-history curves and calibration curves of two acceleration transducers are shown in Figures 3 and 4 . The amplitudes of the sinusoidal output signals for the in-line and transverse directions were recorded and then plotted against the standard vibration amplitude, which was the radius of circular motion. The calibration curves can be determined as = 1.000 + 0.0536 in the in-line direction, = 1.000 + 0.0738 in the transverse direction,
where represents the standard vibration amplitude and represents the measured vibration amplitude obtained by the whole data acquisition system. As shown in Figure 4 , measured amplitude signals were all linear to the standard amplitude signals, so the measured amplitudes could represent the vibration amplitudes linearly in the whole experiments.
Prior to the water tunnel tests, the natural frequencies and damping ratios of the monitored tubes were measured by using the logarithmic decrement technique. The data 
where is the added mass, is the added mass coefficient, is the mass of the displaced fluid, is the density of the fluid, is the outer diameter of the tube, and is the length of the tube. Khalak and Williamson [34] demonstrated that the added mass coefficient can be thought to be 1 in still water.
Experimental Procedure.
The freestream velocity in the test section was calculated using the following equation:
where ∞ is the freestream velocity in the test section with a unit of "m/s", is the flow rate with a unit of "m 3 /h," is the length of the cross section of the test section (equal to 0.140 m), and is the width of the cross section of the test section (equal to 0.140 m).
In the beginning of the experiment, the flow rate initially increased stepwise until obvious fluid-elastic instability occurred. Subsequently, the flow rate decreased to zero stepwise in the same way. The maximum flow rates in experiments were 24.115 m 3 /h for the aluminum tube bundle and 34.170 m 3 /h for the stainless steel tube bundle, which resulted in the maximum average water freestream velocities in the test section to reach 0.342 and 0.484 m/s, respectively. The corresponding maximum Reynolds numbers based on the maximum freestream velocities and the outer diameter of the experimental tubes were 0.407 × 10 4 and 0.577 × 10 4 , respectively. Measurements were made after reaching a steady state for each flow rate. At each given flow velocity, the in-line and transverse displacement signals were digitized simultaneously at a sampling frequency of 200 Hz. The frequency spectra and response amplitudes recorded were the result of 64 sample averages which was found adequate to insure excellent repeatability. MATLAB software was used for data analyses.
Results and Discussion
Response Amplitude.
The response amplitude curves of the two kinds of monitored tubes are shown in Figure 7 . To characterize the magnitude of tube vibrations, the rootmean-square tube amplitude expressed as a percentage of the tube diameter was plotted against reduced pitch flow velocity * obtained from the following equations:
where ∞ is the freestream velocity in front of the tube bundle in the test section, is the pitch of the tube bundle, is the outer diameter of the tube, is the pitch flow velocity, and is the natural frequency of the aluminum tube or the stainless steel tube in still water in the in-line or transverse direction. During the experiments, the Reynolds number Re was simply proportional to the reduced pitch flow velocity * .
As shown in Figure 7 , regardless of the direction (in-line or transverse), the trend of the response amplitude curves corresponding to the aluminum tube vibrations is similar to the trend of the response amplitude curves corresponding to the stainless steel tube vibrations with increasing flow velocity. The response amplitudes initially increase with * in a very low degree, as the * values are below two critical values ( * ≈ 8.036 and * ≈ 11.439 for the aluminum tube bundle and stainless steel tube bundle, resp.). These feeble vibrations can be contributed by turbulent buffeting with a broad frequency spectrum. As soon as the pitch flow velocities exceed the critical pitch flow velocities, the response amplitudes of the aluminum tube and stainless steel tube increase drastically in both the in-line and transverse directions. It indicates that fluid-elastic instability occurred. The Shock and Vibration 7 serious vibration in the fluid-elastic instability phenomenon can be explained as follows. Flow can transport energy to the tube. When the flow velocity is above the critical flow velocity, the fluid has adequate energy to surmount the damping of the tube to make it vibrate with large amplitude at its natural frequency. Subsequently, fluid-elastic instability occurs.
After the tubes were in the state of fluid-elastic instability, the flow velocities began to decrease. While, as shown in Figure 7 , the response amplitudes of the aluminum tube and stainless steel tube do not decrease immediately in either the in-line or transverse direction. By contrast, regardless of the direction (in-line or transverse), the response amplitude values of the aluminum tube and stainless steel tube slightly fluctuate around their maximum values in certain * ranges, namely, 6.490 ≤ * ≤ 8.785 for the aluminum tube bundle and 7.832 ≤ * ≤ 12.154 for the stainless steel tube bundle. As the flow velocities further decrease, the response amplitudes of the aluminum tube and stainless steel tube significantly decrease in both the in-line and transverse directions. When * decreases from 5.843 to 4.991 in the case of the aluminum tube and from 7.832 to 7.089 in the case of the stainless steel tube, the amplitudes drop a lot suddenly to nearly zero. This finding indicates that the fluid-elastic instability phenomenon ended. Thereafter, the amplitudes slightly decrease with the flow velocity, which suggests the recurrence of turbulent buffeting. Therefore, * ≈ 4.991 and * ≈ 7.089 were the critical reduced pitch flow velocities of the aluminum tube and stainless steel tube, respectively, for fluid-elastic instability under decreasing flow velocities. During fluid-elastic instability, the response amplitude curves obtained from the transverse vibrations are all above those obtained from the in-line vibrations under both increasing and decreasing
* . Figure 7 also shows that the stainless steel tube exhibited higher peak amplitudes than the aluminum tube did during fluid-elastic instability when the flow velocity decreased. It should be caused by the reason that the damping ratio values of the monitored stainless steel tube in still water were lower than those of the monitored aluminum tube in still water, which has been shown in Table 1 . This phenomenon will be investigated deeply in the future. According to the trend of the response amplitude curves shown in Figure 7 , when the tubes are in the state of fluid-elastic instability, the curves corresponding to decreasing * all gravely deviate from those corresponding to increasing * . Therefore, nonlinear hysteresis occurred, and the fluid-elastic instability phenomenon is also a nonlinear phenomenon. By this reason, when the fluid-elastic instability phenomenon has occurred in tube-like structures, the flow velocity should be reduced lower than the critical flow velocity corresponding to the case of increasing flow velocity for eliminating the fluidelastic instability phenomenon, resulting from the nonlinear hysteresis phenomenon.
Spectrum of Tube Vibration.
To gain further insight into the vibration characteristics, a series of power spectrum density functions of the dimensionless vibration displacements of the monitored tubes have been obtained. Figures  8 and 9 show the power spectrum density functions of the aluminum tube vibrations with the increasing and decreasing * , respectively. Figures 10 and 11 show the power spectrum density functions of the stainless steel tube vibrations with the increasing and decreasing * , respectively. As shown in Figures 8 and 10 , the frequency spectra of both tubes are broadband in the * ranges which are below the critical ones corresponding to the case of increasing * for fluidelastic instability, resulting from the fact that the two kinds of monitored tubes are all in the state of turbulent buffeting. The broadband spectra reflect the random nature of the tube vibrations caused by the high flow turbulence in the tube bundles. After * exceed the critical ones, the spectra immediately display clear sharp peaks, which indicated that the fluid-elastic instability phenomenon occurred. As shown in the cases of * ≈ 8.785 in Figure 8 and * ≈ 12.154 in Figure 10 , when the tube is in the state of fluidelastic instability, only one dominant peak is observed in the transverse vibration, whereas two prominent peaks are found in the in-line vibration. According to Franzini et al. [35] , when the tube is in the state of fluid-elastic instability, the second prominent peak in each power spectral density function obtained from the in-line vibration is a subharmonic peak. Among both tube vibrations, the frequencies corresponding to the dominant peaks in the transverse vibrations and the frequencies corresponding to the first prominent peaks in the in-line vibrations are the natural frequencies of the monitored tubes. While, in the in-line vibrations, the frequency corresponding to the subharmonic peak is nearly twice as high as that corresponding to the first peak in the cases of both tubes. Thus, the monitored tubes are also vibrating in the resonance state and absorbing energy at their natural frequencies and the frequencies that are multiples of their natural frequencies.
As shown in Figures 9 and 11 , when the flow velocities decrease, the clear sharp peaks do not disappear immediately. They are observed in certain * ranges, which is consistent with Figure 7 . The frequencies corresponding to the sharp peaks fluctuate within a very narrow range. This indicates that the resonance state found in the fluid-elastic instability phenomenon can sustain in a certain flow velocity range in the case of decreasing flow velocity. This finding can further explain the nonlinear hysteresis phenomenon found in Figure 7 . As soon as * decrease to the critical values corresponding to the case of decreasing flow velocities, the spectra become broadband, reflecting that the monitored tubes have been in the state of turbulent buffeting again.
Response Frequency.
To analyze the difference between the instability behaviors corresponding to increasing * and those corresponding to decreasing * furtherly, the in-line and transverse dominant frequencies (i.e., the frequency with the maximum amplitude in a power spectrum density function) of both tube vibrations in the * ranges, where the response amplitude curves corresponding to increasing * gravely deviate from those corresponding to decreasing * in Figure 7 , have been summarized and shown in Figure 12 in the form of ratio values to their natural frequencies in still water.
As shown in Figure 12 , when the flow velocities increase, the dominant frequencies are all approaching the natural frequencies with some fluctuations, considering the fact that the monitored tubes are in the state of turbulent buffeting with a broadband frequency spectrum. The critical reduced pitch flow velocity of fluid-elastic instability of the monitored aluminum tube is 8.036, whereas that of the monitored stainless steel tube is 11.439. Meanwhile, as shown in Figure 7 , fluid-elastic instability of the monitored aluminum tube occurred at * ≈ 8.785, whereas that of the monitored stainless steel tube occurred at * ≈ 12.154; these values are above their critical * values. At this time, the dominant in-line and transverse frequencies of the monitored aluminum tube are all 8.105 Hz, whereas those of the monitored stainless steel tube are all 8.301 Hz. As a supplement, the frequency corresponding to the subharmonic peak in the power spectrum density function obtained from the monitored aluminum tube in-line vibration is 16.211 Hz and that from the monitored stainless steel tube in-line vibration is 16.504 Hz. According to the figure plotted by Fitz-Hugh [36] , the theoretical Strouhal number (St) is 0.5 for the two tube bundles in this experiment. Strouhal number is determined by the following equation:
where is the vortex shedding frequency in the tube bundle and is the mean gap velocity. For normal square and normal triangular bundles, is equal to . However, for parallel triangular bundles, should be calculated as
where is equal to 30 ∘ in this experiment. By applying the theoretical Strouhal number and (8) these mismatches, vortex shedding did not likely occur. The instability behaviors of both tubes were caused by fluid-elastic instability, because the vibration amplitudes increase rapidly once a critical crossflow velocity is exceeded, as shown in Figure 7 .
No matter in the monitored aluminum tube vibrations or in the monitored stainless steel tube vibrations, the response frequency curves corresponding to decreasing * all deviate from those corresponding to increasing * . As soon as * values decreased to 4.991 for the monitored aluminum tube vibrations and 7.089 for the monitored stainless steel tube vibrations, the turbulent buffeting phenomenon, which is accompanied with a broadband frequency spectrum, occurred instead of fluid-elastic instability. In Figure 7 , the large-amplitude vibrations of the monitored aluminum tube occur in the reduced pitch flow velocity range of 8.785 to 5.843 with decreasing flow velocity. According to (8) and (9) monitored tubes were in the state of fluid-elastic instability. The response frequencies of both tubes decreased, while the response frequencies of the aluminum tube vibrations decreased much more than those of the stainless steel tube vibrations. This result may be due to the fact that the mass ratio of the stainless steel tube is larger than that of the aluminum tube, so the inertia effect of the stainless steel tube is much more significant than that of the aluminum tube.
Added Mass Coefficient.
The natural frequencies of structures oscillating in flow are affected by the inertia of the fluid accelerated by the structures. The inertia of the fluid accelerated by the structures is treated as added mass, , which can be calculated by (2) in Section 2.1.
For right circular tubes in still fluid, the theoretical added mass coefficient is equal to 1 [34] . However, when the tube is vibrating in a confined space, the effective added mass coefficient is larger than 1. The added mass coefficient in flow can be calculated as follows [37] :
where is the natural frequency of a tube in vacuum (usually taken in air), is the natural frequency of a tube in flow, and and are the tube and fluid specific gravities, respectively. The density of the water used in experiments was 998.200 kg/m 3 . The density of the water in the standard state (one normal atmospheric pressure and 3. The added mass coefficients in the in-line and transverse vibrations corresponding to both tubes in the state of fluidelastic instability are summarized and plotted in Figure 13 . For both tube vibrations, the curves corresponding to the in-line direction are similar to those corresponding to the transverse direction. It is caused by that the dominant frequencies of the in-line and transverse vibrations obtained from the * ranges in which the monitored tube was in the state of fluid-elastic instability were same. All added mass coefficients are larger than 1, resulting from the relative motions of the monitored tubes in the rigid bundles.
Fluid-Elastic Instability Analysis.
The criterion for fluidelastic instability, proposed by Pettigrew and Gorman [9] , was applied in data analyses. The critical points confirmed in Figure 7 are all plotted in Figure 14 , and they all lay in the unstable region. This finding indicates that the largeamplitude vibrations of the monitored aluminum tube and stainless steel tube were caused by fluid-elastic instability again. Table 2 presents a summary of the fluid-elastic instability results. Corresponding dimensionless parameters are also given. The value of each shown in Table 2 Figure 14 , considering the fact that only one tube was mounted elastically in the rigid tube bundle in the cases of both tube bundles.
Conclusions
In this paper, two parallel triangular tube bundles with the same / value of 1.67 and different mass ratio values were tested for fluid-elastic instability, respectively. Only one tube was mounted elastically in both the aluminum and stainless steel tube bundles. The following conclusions were drawn from the present work. occurred in both the in-line and transverse vibrations. Moreover, the response amplitudes obtained from the transverse vibrations were larger than those obtained from the in-line vibrations.
(2) Nonlinear hysteresis occurred in both the aluminum tube bundle vibrations and the stainless steel tube bundle vibrations.
(3) When the flow velocity is decreasing, the tubes which have been in the state of fluid-elastic instability can keep on this state for a certain flow velocity range. During this process, the response frequencies of the tubes will decrease. Furthermore, the response frequencies of the aluminum tube can decrease much more than those of the stainless steel tube.
(4) The added mass coefficients corresponding to fluidelastic instability were obtained for both tubes. They were all larger than 1.
(5) The fluid-elastic instability criterion proposed by Pettigrew and Gorman [9] was applied. The critical points for both tube vibrations all lay in the unstable region. The calculated fluid-elastic instability constants, which are consistent with these experiments, are all larger than the theoretical value. 
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